vectors is a useful method for delivering a therapeutic protein to augment bone repair in animal models. However, the duration of cell-mediated protein production and the fate of the transduced cells are unknown. We constructed an adenoviral vector encoding Myc epitope tagged bone morphogenetic protein (BMP)-2 gene (AdBMP-2 Myc ). Rat bone marrow cells transduced with this vector produced biologically active BMP-2 protein, which was confirmed by Western blot analysis and alkaline phosphatase assay. Implantation of bone marrow cells infected ex vivo with AdBMP-2 Myc caused orthotopic bone formation in mouse hindlimbs and bony union of critical-sized mouse radial defects. Immunohistochemical analysis revealed that rBMCs expressed Myc epitope-tagged BMP-2 protein for 14 days in vivo and became incorporated in the endochondral fracture callus. This novel adenovirus encoding for epitope-tagged BMP-2 can be used for immunohistochemical tracking of transduced cells in ex vivo gene therapy for bone repair.
Treatment of bone defects secondary to trauma, tumor, or infection often requires bone grafting. Bone grafting can be accomplished with autogenous bone graft, allograft bone from cadaveric donors, demineralized bone matrices, calcium-phosphate ceramics, or recombinant proteins. Au-togenous bone graft from the iliac crest often is considered the first choice of bone-graft materials, but the supply is limited. In addition, harvesting autogenous bone graft can be associated with morbidity such as donor-site pain, nerve damage, and bleeding. 1, 5, 18 Increased attention has focused on using recombinant proteins such as BMPs to induce bone repair. 14, 19 However, supraphysiologic doses of recombinant BMPs are required to induce bone formation in clinical cases. 7, 14, 34 There is also concern that one dose of exogenous protein will not be sufficient to induce an adequate osteoinductive response in patients with large bone defects or with significant soft tissue injury. 10 One potential alternative to direct recombinant protein delivery is to develop a biologic cellular delivery vehicle via gene therapy to enhance bone formation. 8, 13 Gene therapy strategies for bone repair include in vivo and ex vivo gene therapy. In vivo gene therapy involves delivery of the vector and gene directly via local injection. In vivo gene therapy has been used to induce bone repair in animal models using direct injection of adenoviral vectors encoding BMPs. 2, 3, 33 However, in vivo injection of naked adenoviral vectors cannot target specific cells and is associated with significant immune response with concomitant transient protein production. 2, 27 In ex vivo regional gene therapy, target cells are transduced in vitro with a vector encoding the desired protein product. Transduced cells then are delivered to the patient or animal at the desired anatomic site, often with a carrier. 4, 22 Adenoviral vectors are attractive for in vivo and ex vivo bone repair strategies because they can be produced in high titers, and are known to infect dividing and nondividing cells. 11 Because they are not incorporated into the host genome, they cannot alter the cellular genotype. 11 Ex vivo gene therapy has been used successfully in various preclinical animal models to promote bone repair. Critical-sized femoral and calvarial defects have healed successfully using ex vivo gene therapy strategies with adenoviral and retroviral vectors. 9, 16, 20, 21 The duration of in vivo protein production and the fate of the infected cells in vivo still need to be defined. Do the transduced cells just act as cellular delivery vehicles or do they actively participate in the bone repair process? Bone marrow cells, adipose-derived stem cells, and muscle-derived stem cells, all of which can differentiate into bone under the appropriate stimuli, have been used as cellular delivery vehicles in ex vivo gene therapy strategies. 12, 15, 17, 21, 28, 30 A potential advantage of using osteoprogenitor cells is that these transduced cells not only produce the osteogenic protein (paracrine effect), but also have the ability to respond to the osteogenic signal (autocrine effect). 17, 21 This dual effect has the potential to produce a more robust biologic response. It has been difficult to confirm this hypothesis because of the inability to track transduced cells in vivo and the inability to discriminate between endogenous and virally produced BMPs.
We hypothesized that an epitope tag could be added to a BMP-2 adenoviral vector to allow identification of virally mediated protein in an ex vivo gene therapy strategy. We aimed to determine if this epitope tag on BMP-2 affected its biologic activity and ability to stimulate bone formation. We hypothesized that this novel adenoviral vector would allow immunohistochemical determination of cell location (ie, tracking) and duration of BMP-2 production.
MATERIALS AND METHODS
Rat bone marrow cells (rBMCs) were obtained from the femora of 3-month-old Lewis rats by flushing their intramedullary canals with Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) containing 15% fetal bovine serum (FBS). The cells were cultured in the conditioned media at 37°C in 5% CO 2 /95% air. 21, 23 The 293 cells were grown in DMEM with 10% FBS at 37°C in 5% CO 2 /95% air.
The Myc epitope, EQKLISEEDL, was inserted at one residue upstream of the first conserved cysteine within the BMP-2 coding region. This epitope tag allows for immunohistochemical staining of virally produced BMP-2. To insert the Myc epitope, two PCR fragments were produced using the human BMP-2 coding cDNA fragment (Wyeth, Madison, NJ) as a template. 6 One pair of primers, 5Ј-CCTAAAGGTCGACCATGGTGGC-3Ј (the Sal I site was underlined) and 5Ј-CGAATTCGATAT-CAGCTTCTGCTCGTGTTTGGCTTGACGTTTTTC-3Ј (encoding half of the Myc and BMP-2 sequences from the epitope insertion site, [EcoRV site is underlined]) were used to produce a PCR fragment encoding the BMP-2 N-terminal to the insertion site. The other pair, 5Ј-CGGAATTCGATATCCGAGGAG-GACCTGAAACAGCGGAAACGCCTTAAG-3Ј (encoding half of the Myc and BMP-2 sequences from the epitope insertion site, [EcoRV site is underlined]) and 5Ј-CGAAGCTT-TAATTTTGCTGTACTAGCG-3Ј (Hind III site is underlined) were used to produce a PCR fragment encoding the insertion site to BMP-2 C-terminal region. These two fragments were joined using their primer-derived EcoRV sites and cloned into pBluescript II KS (+) (Stratagene, La Jolla, CA). Using a nearby primer, this region was sequenced to confirm that no other mutations were introduced.
To create a novel adenoviral vector (AdBMP-2 Myc ) expressing epitope-tagged BMP-2, a Myc epitope-tagged BMP-2 fragment was subcloned into the adenoviral vector (pACCMVpL-pASR) 21 between the SalI and HindIII sites (pACCMVpL-pASBMP-2 Myc ). This pACCMVpLpASBMP-2 Myc contained a cytomegalovirus promoter and Poly-A signal. The recombinant AdBMP-2 Myc adenovirus was generated by cotransfection of 293 cells with pACCMVpLpASBMP-2 Myc and pJM17, a plasmid containing the genome of adenovirus Type 5 with deletions in the E1-E3 regions. 24 AdBMP-2 Myc was plaque urified and picked to elute viruses. The viral elution was used to infect 293 cells at a multiplicity of infection (MOI) of 10. The 293 cells were collected and lysed by three freeze and thaw cycles when they showed complete cytopathic effect. The crude viral lysate was used for amplification by serial propagation in 293 cells, grown in a high titer stock, and then purified by a CsCl density gradient. After dialysis, the viral titer was evaluated by optical density at 260 nm (1.1 × 10 12 virus per OD 260 unit). 25 The titer of the purified AdBMP-2 Myc used in these experiments was 3.4 × 10 12 particles/mL obtained from 6 × 10 7 293 cells.
Biologic activity of the virus was assessed using a standard alkaline phosphatase (ALP) assay. The 1 × 10 5 W-20-17 cells derived from mouse bone marrow stroma 31 were infected with purified AdBMP-2 Myc for 24 hours at 1.4 × 10 3 particles/cell (MOI ‫ס‬ 100). 23 An MOI of 100 with similar adenoviral vectors typically resulted in greater than 90% transduction efficiency. The cells were washed with phosphate-buffered saline (PBS) and lysed in H 2 O by two freeze and thaw cycles. The cell lysates were added to the substrate solution (50 nmol/L glycine, 0.05% Triton X-100, 4 mmol/L MgCl 2 , and 5 mmol/L p-nitrophenol phosphate [pH,10.3]) for the assay of ALP activity. The reaction was stopped after 20 minutes at 37°C, and the spectrophotometric absorbance at 405 nm was determined within 15 minutes by enzyme-linked immunosorbent assay (ELISA). P-nitrophenol was used for the ALP activity as the standard. 31 Data reported are the mean of five identical preparations per group.
Western blot analysis was used to determine if rBMCs infected with AdBMP-2 Myc produced BMP-2. Conditioned media from 5 × 10 5 cultured rBMCs infected at a MOI of 100 with the purified media was collected for 48 hours and incubated with heparin-sepharose beads (Amersham, Piscataway, NJ) overnight at 4°C. Beads were collected by centrifugation, and bound proteins were eluted by heating at 100°C for 5 minutes with protein-loading buffer. The extract was loaded on 12% sodium dodecyl sulfate-polyacrylamid gel electrophoresis (SDS-PAGE) under nonreducing conditions. Recombinant human BMP-2 (Wyeth, Madison, NJ) was used as a positive control. Proteins were transferred to an enhanced chemiluminescence (ECL) membrane (Amersham) after SDS-PAGE. Bone morphogenetic protein-2 was detected by monoclonal mouse anti-BMP-2 (Sigma, St Louis, MO), and a horseradish peroxidase (HPR)labeled goat anti-mouse secondary antibody (Bio-Rad, Hercules,
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Gene Therapy for Bone Repair CA) according to the ECL method. To completely strip and remove the primary and secondary antibodies, this membrane was submerged in stripping buffer (100 mmol/L 2-mercaptoethanol, 2% sodium dodecyl sulphate, 62.5 mmol/L Tris-HCl, pH 6.7) and incubated at 50°C for 30 minutes with occasional agitation. After washing in PBS at room temperature, Western blot analysis was performed using monoclonal mouse antibody 9E10 (anti-Myc) (Sigma) and HPR-labeled goat anti-mouse secondary antibody (Bio-Rad).
To determine if AdBMP-2 Myc could induce orthotopic bone formation, transduced cells were implanted in a SCID mouse hindlimb model. We used 8-week-old male SCID mice weighing approximately 25 g. These mice were housed under pathogenfree conditions. All research was conducted in accordance with a protocol approved by the Chancellor's Animal Research Committee. The SCID mice were anesthetized with an intramuscular injection of ketamine (1.5 mg) and xylazine (0.3 mg). A 1-cm skin incision was made in the hindlimbs to make a muscle pouch. 23 Five million rBMCs were infected with AdBMP-2 Myc at a MOI of 100 or with Ad␤-gal, which was constructed from the same background adenoviral vector as AdBMP-2 Myc but expressed Escherichia coli ␤-galactosidase instead of BMP-2 Myc . The rBMCs infected with these adenoviruses were harvested after 16 hours, and impregnated onto a 4 × 4-mm collagen sponge (Helistat, Integra LifeSciences Co, Plainsboro, NJ) after concentrating the cells into 10 L of PBS. The cells were allowed to adhere to the sponge for 10 minutes. The same number of noninfected rBMCs also was collected and embedded in a collagen sponge as a control. AdBMP-2 Myc -infected rBMCs were implanted into the hindlimbs of 16 SCID mice. The Ad␤gal-infected rBMCs and nontreated rBMCs were implanted into eight SCID mice each as controls. The mice were sacrificed for radiographic examination and histologic analysis at 3, 7, 10, 14, 21, 28, 42, and 56 days after implantation.
To determine if AdBMP-2 Myc could be tracked in a defect model, transduced cells were implanted in a SCID mouse radialdefect model. Twenty-seven mice had surgery to create a critical-sized defect in the radius 3 mm long. 17 Twelve mice had implantation of a collagen sponge containing 2.5-million cultured Lewis rat bone marrow cells transduced with AdBMP-2 Myc (Group 1). Twelve mice had implantation of a collagen sponge containing 2.5-million cultured Lewis rat bone marrow cells transduced with AdBMP-2 Control (Group 2). This adenovirus codes for nontagged BMP-2 and served as a positive control for healing and a negative control for tracking. Three mice in each group were sacrificed at four times: 3 days, 7 days, 14 days, and 21 days. The remaining three mice had a collagen sponge implanted without cells and were sacrificed at 21 days to serve as a negative control (Group 3).
To create a radial defect, a 5-mm skin incision was made over the radial aspect of the left foreleg of an adult SCID mouse. The radius was exposed by identifying the interval between the extensors and flexors of the wrist. A 3-mm tooth forceps was used to grip the radius at the junction between the proximal and middle thirds. The radius was cut on each side of the forceps with a sharp-tipped scissors, taking care not to fracture the ulna. The intact ulna served as a splint so the mouse could bear full weight immediately postoperatively. A collagen sponge (Helistat) soaked in the desired cell mixture then was inserted into the radial defect. We then used 5-0 Vicryl sutures to close the muscle and skin in layers over the defect.
The specimens were fixed for 24 hours in 10% formalin and decalcified with 10% ethylenediaminetetraacetic acid (EDTA) solution for 5-7 days. After decalcification, the specimens were dehydrated through with ethanol, embedded in paraffin, and sectioned at a thickness of 5 m on a microtome. Immunohistochemical staining was performed with a polyclonal goat BMP-2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:1000, or a monoclonal antibody 9E10 (anti-Myc) (Sigma) at a dilution of 1:2000. Observation of bound antibodies was performed using VectaStain Elite ABC kit (Vector Laboratories, Burlingame, CA) and DAB substrate kit for peroxidase (Vector Laboratories). The slides were counterstained with hematoxylin. 2 Sections of each specimen also were stained with hematoxylin and eosin and orange G.
A two-tailed Student's t test with a significance level of 0.05 was used to compare the mean ALP activity in each group, assuming a parametric distribution of data.
RESULTS
The novel adenoviral vector (AdBMP-2 Myc ) produced Myc-tagged BMP-2 and was osteogenic in ALP assay. Western blot analysis detected a 30-kDa band under nonreducing conditions with the BMP-2 antibody. This protein size was the same as the human recombinant BMP-2. The band detected by the BMP-2 antibody also was detected by the Myc antibody. No signal was detected from the conditioned media from Ad␤-gal-infected cells (Fig 1) . These results showed that rBMCs transduced with AdBMP-2 Myc produced BMP-2 tagged with the Myc epitope. The W-20-17 cells differentiated into osteoblasts and expressed ALP after transduction with AdBMP-2 Myc . 31 Alkaline phosphastase activity was increased (p ‫ס‬ 0.01) in infected W-20-17 cells infected with AdBMP-2 Myc compared with noninfected cells (Fig 2) . Based on ALP activity, the osteogenic activity of the cells transduced with the novel adenovirus compared favorably with activity of historical controls. 21, 23 These data showed that AdBMP-2 Myc -infected cells produced active BMP-2 protein capable of stimulating the osteoprogenitor cells to express an osteoblast phenotype.
Implantation of cells transduced with AdBMP-2 Myc stimulated bone formation in the mouse hindlimb and mouse radial-defect models. In mouse hindlimbs, orthotopic bone formation could be seen radiographically in all animals by Day 7 after implantation of cells transduced with AdBMP-2 Myc . Increased bone formation and bony consolidation was observed by Day 21. No additional increase in bone formation was seen between Days 21 and 56. The bony consolidation was seen mainly in the area of Clinical Orthopaedics and Related Research the hindlimb where the collagen sponge had been surgically implanted. No significant mineralization was observed in implants receiving rBMCs infected with Ad␤-gal or rBMCs alone by Day 56 (Fig 3) . All defects treated with AdBMP-2 Myctransduced cells showed bony union at 21 days (Fig 4) . Two of three defects treated with AdBMP-2 Control cells healed. In the mouse that did not achieve bony union, the collagen sponge had migrated proximally out of the defect, but still formed ample bone that was seen on plain radiographs and with histologic analysis. None of the three defects in the animals treated with a collagen sponge alone showed union.
Immunohistochemical staining using Myc antibody and BMP-2 antibody successfully localized transduced cells in both models (Fig 5) . At Day 3, the Myc-positive cells were localized in the region of the implanted collagen sponge. At Day 7, chondrocytes and premature osteocytes in early fracture callus stained positive with Myc and BMP-2 antibodies. Early woven bone formation could be seen surrounding the area of the implant. Immature osteocytes at Day 10 reacted to the c-Myc and BMP-2 antibodies. By Day 14, osteocytes stained positively with both antibodies, and more woven bone formation was seen. The c-Myc and BMP-2 expression peaked between Days 7 and 14, but these positive stains became fainter as the cells matured and became osteocytes. By Day 21, Myc-and BMP-2 positive cells were scarce in the area of mature bone. Mycpositive staining was absent at all times in the AdBMP-2 Control group, whereas BMP-2-positive staining paralleled that of the AdBMP-2 Myc group. These immunohis-tochemical data suggest that transduced cells differentiated into osteocyte-like cells and incorporated into new bone.
Histologic analysis using hematoxylin and eosin and orange G stains at 3 days revealed placement of the collagen sponges in the radial defect in both groups. At 7 days, the collagen sponge was beginning to break down but still was visible in the defect. At 14 days, substantial ossification of endochondral fracture callus was observed in all defects with bone formation. At 21 days, healed defects showed bony union with some neocortex formation. Histologic analysis of untreated control radial defects revealed fibrous nonunion.
DISCUSSION
In successful animal models of ex vivo gene therapy for bone repair, the fate of transduced cells and duration of protein production often is not reported. It was not clear whether the transduced cells were bystanders solely producing BMPs, or if they differentiated into osteogenic cells and became incorporated into bone. In our study, the novel adenoviral vector allowed immunohistochemical B. (B) The same membrane also was analyzed with the Myc antibody after pretreated BMP-2 antibodies were completely stripped. In Lane C the same band, which was detected by BMP-2 antibodies, also was detected by the Myc antibody confirming production of virally mediated, epitope-tagged BMP-2.
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Gene Therapy for Bone Repair tracking of transduced cells, and epitope-tagged, virally mediated BMP-2 was identified 14 days after implantation. This epitope tag on BMP-2 did not affect its biologic activity and ability to stimulate bone formation. Transduced cells differentiated into hypertrophic chondrocytes and incorporated into newly forming bone.
Our study has several limitations. First, a SCID mouse model was chosen to minimize the effect of immune response on the study. The SCID mouse does not produce an immune response to the transduced cells or adenovirus. The results of the same study in an immunocompetent animal model likely would be different, as a vigorous immune response to adenoviral vectors has been reported. Second, the immunohistochemical data were evaluated in a qualitative fashion only. Documenting cell number per area and quantifying the amount of BMP-2 production would strengthen future tracking studies using this novel adenoviral vector. In addition, because only positive cells are tracked using this method, the percentage of cells implanted that actually produce BMP-2 remains unknown. The SCID mouse models did not represent the clinical situation of massive bone loss and poor vascularity where There have been few studies assessing the fate of transduced cells in musculoskeletal gene therapy. Lee et al 20 transduced male muscle-derived cells with an adenovirus encoding the BMP-2 gene, and implanted the cells with a collagen sponge in calvarial defects in female SCID mice. They identified the cells in vivo using a Y-chromosome- Number 450 specific fluorescent in situ hybridization (FISH) technique and determined that most cells were located not only on the surfaces of newly formed bone, but also in the osteocyte lacunae of the new bone. 20 Implanted cells found in the new bone stained positive for osteocalcin, indicating that they differentiated in vivo into osteogenic cells. 20 However, bone repair in a calvarial defect heals by intramembranous ossification which differs from the healing that occurs in a radial defect. Gazit et al 17 and Turgeman et al 31 studied the histologic fate of mesenchymal stem cells in a SCID mouse radial defect model. The C3H10T1/2 clone cells expressing rhBMP-2 also were infected with a vector coding for the lac Z gene. The cells were identified in vivo by the coproduction of ␤-gal and BMP-2 and were observed to differentiate spontaneously into osteogenic cells in vitro and to differentiate into cells with chondrocytic morphologic features in vivo that were incorporated into new bone. 17, 31 However, in our study the marker gene and the BMP gene were contained in two separate vectors. The cDNA for myc-tagged BMP-2 was contained in one vector, which allowed us to definitively identify the location of transduced cells and duration of BMP expression.
In a critical-sized femoral defect model in rats and a radial defect model in mice, transduced mesenchymal cells produced more robust bone formation than a large dose of recombinant protein. 17, 21, 26 One hypothesis is that these transduced cells not only secrete the protein but can respond to the osteogenic signal in an autocrine fashion, producing a more vigorous osteogenic response. 17, 32 Our findings and the results reported by Gazit et al, 17 Turgeman et al, 31 and Lee et al 20 support this hypothesis. Pluripotential stem cells transduced with an osteogenic viral vector likely stimulate local host mesenchymal stem cell differentiation. In addition, the transduced cells are stimulated in an autocrine fashion to differentiate into osteocytelike cells and incorporate into new bone. 29 Future studies using this novel adenoviral construct to track transduced cells after implantation at a tissue site will provide useful information regarding the lifespan, differentiation, and relative effectiveness of various cell types as delivery vehicles of osteogenic proteins in larger animal models. This information is essential for the development of cell-based regional gene therapy for use in humans.
